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SILICON-CONTAINING, TUNNELING
FIELD-EFFECT TRANSISTOR INCLUDING
IHI-N SOURCE

FIELD

The present disclosure relates to tunneling field-effect tran-
sistors and the fabrication of tunneling field-effect transistors.

BACKGROUND

Field-effect transistors include source, drain and gate
structures. A biasing voltage applied across gate and source
terminals allows the flow of charge carriers, namely electrons
or holes, between source and drain. Tunneling field-effect
transistors (IFETs) are characterized by oppositely doped
source and drain regions. Band-to-band tunneling 1s caused
upon application of a suflicient gate bias. TFET structures
including strained Ge/Si1Ge heterojunctions on silicon as well
as those based on group I1I-V materials have been disclosed.

Tunneling field-effect transistors are of interest for low-
power operations due to their potential to achieve a sub-60
mV/decade subthreshold slope. A broken-gap heterojunction
source 1s employed to achieve such a steep subthreshold slope

in some TFETSs.

BRIEF SUMMARY

In accordance with the principles discussed herein, tunnel-
ing field-effect transistors and methods relating to such tran-
sistors are provided.

A tunneling field-effect transistor 1s disclosed that includes
a source region comprised of an epitaxial n-type I1I-N mate-
rial, a p-type drain region, and a p-type S1,Ge,_, channel
region operatively associated with the source and drain
regions, wherein x 1s between O and 1. The n-type, I1II-N
material has an electron atffinity larger than the hole affinity of
the channel region and a broken-band heterojunction 1s
formed by the source and channel regions. The transistor
turther imncludes a gate electrode and a gate dielectric layer
between the gate electrode and the channel region.

A method of fabricating a tunneling field-effect transistor
1s provided that includes obtaining a crystalline S1 . Ge,_,
substrate, wherein x 1s between O and 1, the crystalline
S1.Ge,_, substrate having a top surface and a mask adjoining
the top surface. The mask 1s patterned to form one or more
openings within the mask. One or more recesses are aniso-
tropically etched within the top surface of the substrate. The
recesses are aligned with the openings in the mask. A III-N
source region having n-type conductivity 1s grown epitaxially
on the substrate within the one or more recesses. The mask 1s
removed. A channel region having p-type conductivity i1s
formed from the substrate, a broken-band heterojunction
being formed between the source region and the channel
region. A drain region having p-type conductivity and opera-
tively associated with the channel region 1s formed. The
method further includes forming a gate dielectric layer on the
substrate and adjoining the channel region and forming a gate
clectrode over the gate dielectric layer.

As used herein, “facilitating” an action includes perform-
ing the action, making the action easier, helping to carry the
action out, or causing the action to be performed. Thus, by
way of example and not limitation, 1nstructions executing on
one processor might facilitate an action carried out by 1nstruc-
tions executing on a remote processor, by sending appropriate
data or commands to cause or aid the action to be performed.
For the avoidance of doubt, where an actor facilitates an
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action by other than performing the action, the action 1is
nevertheless performed by some entity or combination of
entities.

Substantial beneficial technical effects are provided by the
exemplary structures and methods disclosed herein. For
example, one or more embodiments may provide one or more
of the following advantages:

Lower power consumption of TFET compared to conven-

tional MOSFFET devices;

Broken gap heterojunction provides high electron mobil-

1ty

Lower subthreshold slope (lower than 60 mV/decade) than

theoretical limit of conventional MOSFET devices;

Faster turn off compared to conventional MOSFETs.

These and other features and advantages of the disclosed
methods and structures will become apparent from the fol-
lowing detailed description of illustrative embodiments
thereol, which 1s to be read in connection with the accompa-
nying drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 shows a schematic 1llustration of a tunneling field
elfect transistor including a I1I-N source region;

FIGS. 2A and 2B show schematic energy band diagrams
illustrating band states resulting from negative and positive
gate voltage, respectively, of a InGaN/S1 tunneling field-et-
fect transistor;

FIGS. 3A-3D show a sequence of steps used in fabricating
a tunneling field effect transistor using a silicon substrate;

FIGS. 4A-4B show a further sequence of steps used 1n
fabricating a tunneling field effect transistor including a sili-
con germanium substrate, and

FIG. 5 1s a graph showing energy relative to vacuum as a
function of InGalN Ga {fraction and the conduction and
valence bands of silicon and germanium.

DETAILED DESCRIPTION

Tunneling field-effect transistors (TFETs) are disclosed
that include crystalline silicon and/or germanium-containing,
channels and I1I-N source regions. The electron affinity of the
I1I-N material comprising the source regions of such transis-
tors 1s greater than the hole affinity of the channel material.

FIG. 1 provides a schematic illustration of an exemplary
tunneling field-effect transistor 30. The transistor 30 includes
a channel region 32 and source and drain regions 34, 36. The
channel region 32 and drain region are p-type 1n this exem-
plary embodiment. In p-type semiconductors, holes are the
majority carriers. In contrast, “n-type” conductivity typically
involves the addition of impurities that contribute free elec-
trons to an intrinsic semiconductor. In a silicon containing,
substrate, examples ol p-type dopants, 1.e. impurities, include
but are not limited to group III maternials such as boron,
aluminum, gallium and indium. The p-type channel region 32
can be formed during fabrication of a semiconductor-on-
insulator (SOI) water 1in some embodiments. Ion 1mplanta-
tion can alternatively be employed following substrate water
fabrication to form the doped channel and drain regions. The
doping concentration of the channel region 32 1s between
10" to 10'” cm™ in one or more embodiments. In embodi-
ments wherein the channel region 32 and source and drain
regions are formed using the semiconductor layer (SOI layer)
of a SOl substrate, an electrically insulating layer (not shown)
1s present beneath the semiconductor layer. In one exemplary
embodiment, the electrically insulating layer 1s a high quality
silicon dioxide layer (not shown) that 1s thermally grown,
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though other buried insulators such as boron nitride (BN) and
aluminum oxide (Al,O,) may alternatively be employed 1n
some embodiments. High quality buried oxides are generally
characterized by relatively low interface trap densities (D,,).
The thickness of the semiconductor layer from which the
channel region 32 1s formed 1s between 20 nm-1 um 1n exem-
plary embodiments, but thicker or thinner layers may be
usable 1n some applications. Exemplary single crystal mate-
rials for the semiconductor layer used to form the channel
region 32 include silicon and silicon-containing films such as
silicon germanium (SGOI). The semiconductor layer 1s pure
germanium (GOI) 1 other embodiments. Typically, Si1Ge 1s
formed from Si substrates as S1Ge substrates are not readily
obtained from commercial suppliers. The electrically insulat-
ing layer (not shown) mm an exemplary embodiment 1is
between 5-200 nm, but may also be thicker or thinner for
some applications. In some embodiments, a bulk substrate
can include quartz or other maternials as opposed to silicon.
The semiconductor-on-insulator substrates may be produced
using techniques known 1n the art.

A monocrystalline silicon substrate can be processed using
known device fabrication processes to form the relatively
heavily doped drain region 36 1n the semiconductor layer. In
one or more exemplary embodiments, boron doping (greater
than 1x10"® cm™) may be provided at selected areas of the
substrate during fabrication of an SOI wafer to form drain
regions for tunneling field effect transistors formed thereon.
Ion implantation conducted through a patterned mask can be
employed to form each doped drain region 36. The drain
region 36 1s between a few nanometers to one micron in depth
in a monocrystalline silicon layer 1n one or more embodi-
ments and 1s more heavily doped than the adjoining channel
region, therefore having higher (p-type) conductivity. Alter-
natively, the drain region 36 can be formed from materials
that are different from those employed to form the channel
region 32. If the drain region i1s grown on the substrate rather
than formed via implantation of acceptor atoms, the appro-
priate impurities can be incorporated within the drain region
during deposition.

The source region 34 of the transistor 30 1s an n-type III-N
material. In one or more exemplary embodiments, the III-N
material 1s In(GaN. In other embodiments, the I1I-N matenal
1s GaN. AlGaN 1s a further alternative, but thickness optimi-
zation 1s required as 1t has a higher bandgap than InGaN. As
discussed below, InGaN 1s well suited for use 1n TFETSs as
described herein by employing selected molar fractions of
indium and gallium. The electron aflinity of the I1I-N material
1s greater than the hole affimity of the channel matenial (Si,
S1Ge, or Ge) of the transistor. The term “hole aflinity™ 1s
defined as the sum of electron affinity and bandgap. Electron
ailinity 1s the energy obtained by moving an electron from a
vacuum just outside a semiconductor to the bottom of the
conduction band just mside the semiconductor. The source
material has n-type conductivity. A broken-band heterojunc-
tion 1s formed between the source and channel regions. It will
be appreciated that multiple TFETs as well as other types of
transistors are optionally formed on the same substrate. Such
devices would be physically isolated during the fabrication
process. Device 1solation 1s obtained by a selective etch of the
semiconductor layer from which the channel region and, 1n
some embodiments, the drain region of the TFET 1s formed.
Electrically conductive contacts (not shown) are formed on
the source and drain regions in one or more embodiments.

A gate stack 38 includes a gate electrode 40 and a gate
dielectric layer 42. Materials such as silicon dioxide or high-k
materials such as HIO, or Al,O, can be employed as gate
dielectric layers. The gate dielectric layer can, in some
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embodiments, comprise layers of both high-k and low-k
dielectric materials. Gate electrodes can be deposited by
PVD, ALD, CVD or other processes known to those of skill in
the art. The gate electrodes may be comprised of metals such
as TiN, TaN, Al, W Au, Ag, or a combination of such metals.
Gate electrode layers may also include a polysilicon layer
located on top of a metal material, whereby the top of the
polysilicon layer may be silicided. Metal electrodes (not
shown) forming source and drain contacts are deposited on
the elements shown 1n FIG. 1. The deposition of the gate
dielectric layer and gate electrodes can be conducted 1n the
same manner such elements are formed in conventional
MOSFET {fabrication techniques. While the gate stack 1is
shown overlapping a portion of the source region 34, such
overlap 1s optional and not required.

Operation of a tunneling field-efiect transistor 30 as
described above i1s illustrated schematically by the energy
band diagrams shown 1n FIGS. 2A and 2B. Referring first to
FIG. 2A, the valence, Fermi, and conduction bands of the n+
InGaN source region, p S1 channel region, and p+ S1 drain
region are shown upon the application of a suificient negative
gate voltage to cause an ON state of the transistor. The full
valence band states in the channel region are 1n alignment
with empty conduction band states in the source region,
thereby allowing electron tunneling. Upon application of a
positive gate voltage, the full valence band states 1n the chan-
nel region are out of alignment with empty conduction band
states 1n the source region, as shown 1n FI1G. 2B. The TFET 1s
accordingly 1n an OFF state.

FIGS. 3A-D show exemplary process steps that are
employed 1n one or more embodiments for forming a III-N
source region of a tunneling field-effect transistor. A structure
50 1including a monocrystalline silicon (100) substrate 52 and
a hard mask 54 1s obtained. Such a structure 1s obtained 1n one
embodiment by forming the mask 34 on the substrate, as
shown 1n FIG. 3A. In one or more exemplary embodiments,
the hard mask 1s an oxide layer such as silicon dioxide. The
hard mask may be formed via plasma enhanced chemical
vapor deposition (PECVD). The hard mask 34 is patterned
using conventional technology (e.g. photolithographic and
ctching techniques) to form an opening 56 that extends to the
s1licon substrate, as shown in FIG. 3B. This may include steps
of forming a photoresist layer on the oxide surface layer of a
waler, for example by spin coating, exposing the photoresist
to a light source through a mask and developing the photore-
s1st as known in the art; subsequent etching of the mask 54, for
example by a reactive 1on etching (RIE) process to form the
opening(s) 56, 1s followed by stripping the photoresist, for
example by a plasma ashing process. It will be appreciated
that multiple openings can be formed in the hard mask 54 to
be used for the later forming of III-N source regions for an
array of TFETs or for other purposes. Butiered hydrofluoric
acid 1s among the materials that can be used to etch silicon
dioxide, though selective, plasma-based etching (RIE) 1s pre-
terred for enhanced controllability. The area(s) of the silicon
substrate 52 exposed by the opening(s) 56 in the mask 54 1s
ctched anisotropically using an alkaline solution such as
KOH or K,CQO;. Other wet etchants may also be feasible. As
s1licon etches more rapidly in <100> crystal directions than 1n
<111> directions, the etching of a silicon (100) surface
through the opening 56 in the mask 54 produces a recess 38
having a V-shaped cross-section as schematically illustrated
in F1G. 3C. The anisotropic etching step can be discontinued
prior to completion, in which case the recess would have a flat
bottom (not shown). A layer 60 of I1I-N source material such
as In, Ga,_ N 1s grown epitaxially on the exposed surtaces of
the substrate 52 within the recess 38. The layer 60 has a
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thickness 1n the range of 20 nm to 1 um. In embodiments
wherein the recess 58 has a V-shaped cross section as shown
in FI1G. 3D, the III-N layer 60 1s grown on the (111) surfaces
exposed by a complete anisotropic etch. The crystalline qual-
ity of the III-N layer 1s not considered critical to TFET opera-
tion. The growth of the InGaN layer 1s facilitated by the
formation of the etch front in the previous step. In some
embodiments, growth of InGaN source material 1s conducted
in a MOCVD reactor. Source materials in one or more
embodiments include trimethylgallium (TMGa), trimethylin-
dium (TMIn) and ammonia (NH,). Disilane (S1,H) 1s an
n-type dopant employed to obtain the n-type conductivity
desired for the layer 60 of InGalN source material. A tempera-
ture range of 810-830° C. 1s maintained during deposition at
a pressure of about 350 torr. An InGaN:Si layer 60 obtained 1n
one or more embodiments has a doping level of 1x10"” ¢cm™
or higher. In embodiments including monocrystalline silicon
channel regions, the indium content should be at least forty-
s1x percent (In, ,.Ga, <,IN).

FIGS. 4A and 4B schematically illustrate alternative
method steps that can be used 1n fabricating a TFET. Refer-
ring to FI1G. 4 A, a structure as shown in FIG. 3C 1s obtained by
ctching the substrate amisotropically as described above. Ger-
manium 1s implanted to a depth of a few nanometers (e.g. 3-5
nm) to tens of nanometers into the silicon substrate, forming,
a silicon germanium (S1,Ge,_ ) region 64. A patterned pho-
toresist layer can be employed to protect selected areas of the
substrate from germanium 1mplantation. As known 1n the art,
ion implantation process parameters such as 1on beam energy,
implantation dose and tilt angles are selected to obtain regions
of desired dimensions and compositions. In an exemplary
embodiment, 10n beam energy 1s 10-80 KeV and the tilt 15 0-7
degrees. The doping concentration obtained 1n the exemplary
embodiment is 2x10"-2x10"> cm™. A silicon germanium
channel region 1s obtained following germanium 1mplanta-
tion by solid phase epitaxial regrowth. Such regrowth may be
performed at a temperature between about 450-700° C. for
approximately ten minutes. Lattice mismatch between the
s1licon germanium channel region and the adjoining silicon
substrate can be reduced 1n this manner. Germanium 1mplan-
tation 1s followed by the epitaxial growth of the III-N layer 60
such as an InGaN layer within the recess(es) 58 to form the
structure 62 shown 1n FIG. 4B. The hard mask 54 may or may
not be removed prior to germanium 1mplantation or prior to
I1I-N epitaxy. The implantation of germanium in the substrate
allows a lower indium content where InGaN 1s the III-N
material used to form the source region of the TFET. In
embodiments employing a silicon substrate, the molar frac-
tion of indium required to obtain a broken-band heterojunc-
tion 1s about forty-six percent (In, ,Ga, ,N). In contrast, the
indium content of the I1I-N layer 60 can be less than forty-six
percent in embodiments including a silicon germanium sub-
strate. A molar fraction of about twenty-five to forty-six per-
cent indium can be emploved 1n embodiments including an
InGaN source region and a silicon germanium channel
region. As mndium 1s a relatively volatile element that can
result in an unstable growth surface, the reduction of indium
content within the source region facilitates the fabrication of
the TFET.

Once the III-N source region has been formed within the
substrate as described above with respect to FIGS. 3A-D or
4A-B, further fabrication steps are employed to form the
doped regions that comprise the channel and drain regions
and the gate stack of the TFET. The remaining fabrication
process can proceed 1n the same manner as conventional
industrial MOSFET fabrication. Forming the source region as
described above enables conventional fabrication without
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having to depart from standard process flow for the remaining
clements of the transistor. The oxide material used to form the
hard mask 54 1s preferably removed prior to formation of the
gate stack rather than used as gate dielectric material.

FIG. 5 shows the energy (eV) relative to vacuum of InGaN,
an exemplary III-N material, as a function of the gallium
fraction of InGaN. The valence and conduction bands of pure
crystalline silicon and germanium are also shown. The band
gap 1n electron volts of In, ,.Ga, ,N 1s about 1.8 eV. The
conduction band of In, ,,Ga, -,N 1intersects the valence band
of silicon to obtain a broken-band heterojunction when such
materials are employed 1n a TFET. The conduction band of
InGaN 1intersects the valence band of germanium at a sub-
stantially lower percentage of indium (and higher percentage
of gallium). As discussed above, the incorporation of germa-
nium within a silicon substrate allows the reduction of the
indium content in embodiments where InGaN 1s used as the
source material for a TFET and forms a p-n junction with a
silicon-contaiming channel region. The extent to which the
indium content can be reduced correlates to the amount of
germanium within a S1_ Ge,_, channel.

The principles relating to the use of a broken band hetero-
junction between a n-type I1I-N source material and a p-type
S1.Ge,_, channel material are applicable to tunneling field-
elfect transistors having a variety of physical configurations
including but not limited to FinFET transistors, raised source/
drain transistors and gate all-around (GAA) transistors.

Given the discussion thus far and with reference to the
exemplary embodiments discussed above and the drawings, 1t
will be appreciated that, in general terms, an exemplary tun-
neling field-effect transistor 1s provided that includes a a
source region comprised of an epitaxial n-type I11-N material,
a p-type drain region, and a p-type S1 Ge,__ channel region
operatively associated with the source and drain regions,
wherein x 1s between 0 and 1. An exemplary transistor 30
having a I1I-N source region 34, a p-type drain region 36, and
a p-type S1,Ge, _, channel region 32 1s shown in FIG. 1. The
n-type, I1I-N material has an electron affinity larger than the
hole affinity of the channel region. The transistor further
includes a gate electrode and a gate dielectric layer between
the gate electrode and the channel region. In one or more
embodiments, the channel region contains germanium. In
other embodiments, the channel region consists essentially of
monocrystalline silicon containing no germanium. Impurity
atoms within the channel region provide p-type conductivity
in embodiments having silicon as well as silicon germanium
channels. The III-N source material comprises InGaN 1n one
or more embodiments. In embodiments wherein the channel
region contains germamum, lower levels of indium are pos-
sible while still achieving a broken-band heterojunction. FIG.
5 1s 1llustrative of the proportions of indium and gallium
required to obtain broken-band source-channel heterojunc-
tions 1n embodiments where the I1I-N material 1s InGaN and
the channel region comprises silicon and/or germanium. In
some embodiments, the source region of the TFET consists
essentially of n-type In Ga, N having a doping level of
1x10"” cm™ or higher, the channel region consists essentially
of crystalline S1,Ge,_, wherein X 1s less than one and further
wherein v 1s less than 0.46.

An exemplary method of fabricating a tunneling field-
effect transistor includes obtaining a crystalline S1_Ge, _, sub-
strate, wherein x 1s between O and 1, the crystalline S1,Ge,_
substrate having a top surface and a mask adjoiming the top
surface. The mask 1s patterned to form one or more openings
within the mask. One or more recesses are anisotropically
etched within the top surface of the substrate. The recesses are
aligned with the openings in the mask, such as shown in FIG.
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3C. A III-N source region having n-type conductivity 1is
grown epitaxially on the substrate within the one or more
recesses. FIG. 3D schematically 1llustrates the growth of the
I1I-N source region. The mask 1s removed. A channel region
having p-type conductivity 1s formed from the substrate, a 5
broken-band heterojunction being formed between the source
region and the channel region. A drain region having p-type
conductivity and operatively associated with the channel
region 1s formed. The method turther includes forming a gate
dielectric layer on the substrate and adjoining the channel 10
region and forming a gate electrode over the gate dielectric
layer. In one or more embodiments, germanium 1s 1mplanted
within a silicon substrate. As discussed above, such implan-
tation allows the indium content of the source region to be
reduced 1n comparison to TFETs fabricated with channel 15
regions consisting essentially of monocrystalline silicon.

The terminology used herein 1s for the purpose of describ-
ing particular embodiments only and 1s not mtended to be
limiting of the invention. As used herein, the singular forms
“a”, “an” and “the” are intended to include the plural forms as 20
well, unless the context clearly indicates otherwise. It will be
turther understood that the terms “comprises” and/or “com-
prising,” when used 1n this specification, specity the presence
of stated features, integers, steps, operations, elements, and/
or components, but do not preclude the presence or addition 25
of one or more other features, integers, steps, operations,
clements, components, and/or groups thereof. Terms such as
“above”, “below”, “top” and “bottom™ are generally
employed to indicate relative positions as opposed to relative
clevations unless otherwise indicated. It should also be noted 30
that, in some alternative implementations, the steps of the
exemplary methods may occur out of the order noted in the
figures. For example, two steps shown 1n succession may, 1n
fact, be executed substantially concurrently, or certain steps
may sometimes be executed 1n the reverse order, depending 35
upon the functionality involved.

The corresponding structures, matenals, acts, and equiva-
lents of all means or step plus function elements in the claims
below are intended to include any structure, material, or act
for performing the function in combination with other 40
claimed elements as specifically claimed. The description of
the present invention has been presented for purposes of
illustration and description, but 1s not intended to be exhaus-
tive or limited to the invention 1n the form disclosed. Many
modifications and variations will be apparent to those of 45
ordinary skill in the art without departing from the scope and
spirit of the invention. The embodiment was chosen and
described 1n order to best explain the principles of the mven-
tion and the practical application, and to enable others of
ordinary skill in the art to understand the invention for various 50
embodiments with various modifications as are suited to the
particular use contemplated.

What 1s claimed 1s:

1. A tunneling field-effect transistor comprising: 55

a source region comprised of an epitaxial n-type III-N
material including InGaN;

a p-type drain region;

a p-type S1,Ge,_, channel region operatively associated
with the source and drain regions and forming a broken- 60
band heterojunction with the source region, wherein x 1s
between 0 and 1 and the n-type, III-N material has an
clectron aflinity larger than the hole affinity of the chan-
nel region;

a crystalline S1_Ge,__ substrate where x 1s greater than 0 65
and less than 1, the channel region being comprised of a
portion of the crystalline S1,_Ge, _, substrate, the source
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region comprising an epitaxial layer adjoiming a (111)
surface of the crystalline S1, Ge,__ substrate;

a gate electrode, and

a gate dielectric layer between the gate electrode and the

channel region, the gate dielectric layer overlapping the
source region.

2. The tunneling field-eflect transistor of claim 1, wherein
the drain region 1s comprised of a portion of the crystalline
S1, (e, _ substrate, the channel region having a first doping
level and the drain region having a second doping level higher
than the first doping level.

3. The tunneling field-eflect transistor of claim 1, wherein
the crystalline S1,Ge, __substrate includes a recess including,
the (111) surface, the epitaxial layer having a thickness
between 20 nm and 1 pum.

4. The tunneling field-effect transistor of claim 1 wherein
the source region consists essentially ot In Ga,_ N having a
doping level of 1x10'” cm™ or higher.

5. The tunneling field-effect transistor of claim 4 wherein
the channel region consists essentially of crystalline S1_ Ge, _
wherein x 1s greater than zero and less than one, and further
wherein v 1s less than 0.46.

6. The tunneling field-etlect transistor of claim 4, wherein
the crystalline S1,Ge, _,_ substrate includes a V-shaped recess
having (111) surfaces, the source region having a thickness
between 20 nm and 1 pum.

7. A method of fabricating a tunneling field-effect transis-
tor comprising:

obtaining a crystalline Si1 Ge,_, substrate, wherein X 1s

equal to 1, the substrate having a top surface and a mask
adjoining the top surface;

patterning the mask to form one or more openings within

the mask;

anisotropically etching one or more recesses within the top

surface of the substrate and aligned with the openings 1n
the mask:

epitaxially growing a III-N source region having n-type

conductivity on the substrate and within the one or more
recesses;

removing the mask;

implanting the substrate with germanium prior to growing,

the III-N source region;

forming a channel region having p-type conductivity from

the substrate, a broken-band heterojunction being
formed between the source region and the channel
region;

forming a drain region having p-type conductivity opera-

tively associated with the channel region;

forming a gate dielectric layer on the substrate and adjoin-

ing the channel region, and

forming a gate electrode over the gate dielectric layer.

8. The method of claim 7, wherein the II1I-N source region
comprises In Ga,_ N, where y 1s less than 0.46.

9. The method of claim 7, wherein the I1I-N source region
consists essentially of In Ga, _ N, where y 1s less than 0.46.

10. The method of claim 9, wherein the substrate 1s a S1
(100) substrate.

11. The method of claim 10, further including forming a
recess within the substrate including (111) surfaces and epi-
taxially growing the III-N source regiononthe (111) surfaces.

12. The method of claim 11, wherein forming the channel
region having p-type conductivity and forming the drain
region are performed subsequent to epitaxially growing the
IT1I-N source region.

13. The method of claim 12, wherein implanting the sub-
strate with germanium provides a germanium doping concen-

tration in the range of 2x10"* to 2x10"> cm™.

.
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14. The method of claim 12, wherein forming the drain
region includes introducing p-type dopant 1ons 1nto the sub-
strate.

10
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